ABSTRACT Cell membrane transport of K + stimulates the rate of glycolysis in Ehrlich ascites tumor cells. A study of the characteristics of this relationship indicates that the stimulation occurs under anaerobic as well as under aerobic conditions. The data suggest that glycolysis is stimulated by a K + transport mechanism that is coupled to Na + transport because the effect is blunted or abolished when the principal intracellular ion is lithium or choline. This stimulus to glycolysis is blocked by ouabain and ethacrynic acid, agents that have been shown to inhibit monovalent cation transport in erythrocytes. In contrast to the action of ouabain, glycolysis is inhibited by ethacrynic acid in Ehrlich ascites tumor cells in the absence of cell membrane K + transport. In studies with ghost-free hemolysates of human erythrocytes and with cytosol prepared from Ehrlich ascites tumor cells, ethacrynic acid significantly blocks lactate formation from fructose diphosphate demonstrating the direct inhibitory effect of this agent on one or more enzymes of the Embden-Meyerhof pathway. Since ethacrynic acid has no influence on lactate formation in intact erythrocytes utilizing an endogenous substrate, the presumptive site of inhibition is proximal to the 3-phosphoglycerate level.
INTRODUCTION
The energy-dependent transport of monovalent cations across the cell membrane influences the rate of energy generation in intact cells. In erythrocytes, glycolysis is stimulated (Whittam and Ager, 1965; Parker and Hoffman, 1967) ; in other tissues mitochondrial metabolism is stimulated as well (Whittam, 1964; Gordon, Nordenbrand and Ernster, 1967) . Inhibition of the transport of monovalent cations across cell membranes with ouabain reduces the rate of ATP generation from both glycolysis and mitochondrial oxidative phosphorylation. Parker and Hoffman (1967) have provided evidence that the coupled transport of Na + and K + across the erythrocyte membrane regulates glycolysis by influencing the activity of phosphoglycerate kinase. The mechanism by which cation transport stimulates mitochondrial metabolism 65o
The Journal of General Physiology is presumably through the utilization of ATP, 1 and provision of ADP and Pi for optimal activity of oxidative phosphorylation (Chance and Williams, 1956 ).
The present studies were directed to the further characterization of the interaction between cell membrane ion transport and glycolysis. Emphasis has been placed on this relationship as regards the functional separation of the classical coupled Mg++-Na+-K+-dependent, ouabain-inhibited, cell membrane pump (Skou, 1965 ) and a more recently described cell membrane cation pump that is inhibited by ethacrynic acid (Hoffman and Kregenow, 1966) . Two kinds of tissues were used in these studies, Ehrlich ascites tumor ceils and freshly drawn h u m a n erythrocytes. The data indicate that ethacrynic acid interferes with glycolysis in both eeU types. This inhibition of glycolysis can be demonstrated in the absence of membrane cation transport and mitochondrial metabolism in the tumor cells, and in the absence of any membrane fraction in either of the cell types studied.
METHODS
Ehrlich ascites tumor cells of the hyperdiploid strain (initially provided by Dr. Gustav Dallner, Stockholm) were harvested from the peritoneal cavity of white mice 6-8 days after inoculation. The collection and washing procedures for preparation of K+-containing and K+-depleted tumor cells have been described previously (Gordon, Ernster, and Dallner, 1967; . For preparation of the membrane-free cytoplasmic fraction, the cells were collected in the usual medium containing K +, sedimented at 40 g for 5 rain, resuspended in medium, and sedimented again. After the first washing, the cells were resuspended and sedimented at 250 g for 5 rain. A suspension containing approximately 25 % ceils was prepared in a medium containing Na + 149, K + 10, Mg ++ 1.5, C1-135, SO~ 1.5, phosphate 12, and nicotinamide 25 mmoles/liter. The ice-cold cell suspension was then sonicated with a Branson instrument (Branson Instruments Corp., Stamford, Conn.) Sonifer, Model $75, using the mierotip. The cells were subjected to four sonications of 2 see duration at 2 rain intervals. The partially fragmented cells were then centrifuged in a model L Spinco preparative ultracentrifuge for 60 min at 105,000 g in order to sediment all particulate matter. After centrifugation the clear supernarant was carefully removed and kept at 4°C until used in the incubation.
Human erythrocytes were prepared from heparinized blood drawn in the postabsorptive state as described by Chapman et al. (1962) . The red blood cells were incubated immediately after the washing period. Hemolysates of red blood ceils were prepared by the technique of Parker and Hoffman (1967) . The ghosts were removed by centrifugation at 48,000 g in a Sorvall centrifuge for 1 hr at 4°C.
All incubations were carried out at 37°C in an air atmosphere. The glycolytic rate of Ehrlich ascites tumor cells was determined in two ways. Either the cells were x ATP, adenosine triphosphate; ADP, adenosine diphosphate; PGK, phosphoglycerate kinase; Pi, inorganic phosphate; A.A. antimycin A; E.A., ethacrynic acid; FDP, fructose diphosphate; 2,3-DPG, 2,3-diphosphoglycerate.
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OF GENERAL PHYSIOLOGY • VOLUME 54 " I969 incubated for the specified period of time in a Dubnoff metabolic shaker or in a thermostatically controlled chamber and mixed with a magnetic stirrer. After incubation in the Dubnoff shaker, cell metabolism was terminated by the addition of HC104 so that the final concentration was 1.2 %; glucose (Glucostat reagent, glucose oxidase) and lactate (Olson, 1962) content were determined on the protein-free filtrate. Alternatively, glycolysis was measured by titrating the H + production (equivalent to lactic acid production, Gordon and de Hartog [1968] ) by the pH stat technique. The latter assay has the advantage of detecting rapid (15 sec) responses after additions to the incubation mixture. The titrant, 0.005 N NaOH in 0.154 u NaC1, was added automatically with the Radiometer ABU lc autoburet in order to maintain the pH of the incubation mixture at 7.4. Suspensions of intact human red blood cells, hemolysates, and Ehrlich ascites tumor cell cytosol were incubated in the Dubnoff shaker and the precise conditions of incubation are given in the table legends. Protein determinations were performed with a biuret technique (Gornall, Bardawill, and David, 1949) and hemoglobin was determined with Drabkin's reagent.
RESULTS

Effect of Ethacrynic Acid on Ehrlich Ascites Tumor Cells
A high rate of glycolysis by Ehrlich ascites tumor cells has been repeatedly demonstrated. Under the conditions of the present experiments, approximately one and a half moles of lactate appear in the medium for every mole of glucose utilized (Table I) . Apparently there is lactate accumulation because of an ineffective mechanism for the mitochondrial oxidation of reducing equivalents synthesized in the course of glycolysis . When ethacrynic acid is added to such a preparation there is significant (~ < 0.005) inhibition of glucose utilization and lactate production at a concentration of 5 X 10 -4 M and higher. Concentrations of this order are also required to demonstrate respiratory inhibition in these cells (Gordon, 1968 ). An indication of the time required for observation of the inhibitory effect of ethacrynic acid on lactic acid production is seen in Fig. I . As previously demonstrated (Gordon and de Hartog, 1968) , addition of glucose to a suspension of K+-depleted cells results in an immediate spurt in lactate production lasting about l rain followed by a constant, but reduced rate over a longer period of time (curve B). Maizels, Remington, and Truscoe (1958 a) were the first to point out that incubation of ascites tumor cells in a K+-free medium results in a loss of cell K + and an appreciable gain in cell Na ÷ and water. Upon warming the suspension to 35°C in the presence of K +, sodium and water are extruded from the cell and K + is taken up against a concentration gradient. In more recent experiments, Levinson (1967) has confirmed these findings and has also observed that active K + transport into the cell is inhibited when ouabain is present or when the ATP levels were caused to fall. In the present experi-ments, initiation of cell membrane K + transport by addition of K + to depleted cells results in a two-to three-fold increase in the rate of lactic acid production (curve D). When ethacrynic acid at a final concentration of 10-* M is added 1 min prior to glucose addition, inhibition of lactic acid production is observed whether K + is absent (compare curve A with curve B) or present T A B L E I FIoum~ 2. Lactate production by cells preincubated with ethacrynic acid. The rate of lactate production was determined by the pH star technique as described in the Methods section. K + and glucose (30 #moles each) were added after the indicated preincubation time with ethacrynic acid. The height of the hatched bars indicates the values for lactic acid production in each of the three experimental situations in the absence of ethacrynic acid. The values represent the mean q-sE of six experiments. After 30 min of preincubation, glucose (5 raM) was added and the incubation allowed to proceed for 10 rain. Other conditions as in Table I. acid production when the cells are preincubated with ethacrynic acid for longer periods (Fig. 2) . For purposes of comparison, values for lactic acid production in the absence of ethacrynic acid are indicated by the height of the hatched bars. It is clear that the duration of preincubation of the cells with ethacrynic acid before addition of glucose determines the magnitude of the inhibitory effect. The same relationship holds whether or not glycolysis is stimulated by cell membrane K + transport. Maximum inhibition is observed after 20 rain of preincubation with ethacrynic acid and the rate of lactic acid production then falls to levels when glucose is absent. A relationship between T A B L E I I I
I N H I B I T I O N OF GLYCOLYSIS IN E H R L I C H ASCITES T U M O R CELLS BY E T H A C R Y N I C ACID
EFFECT OF E T H A C R Y N I C ACID ON GLYCOLYSIS OF E H R L I C H ASCITES T U M O R CELLS A F T E R I N H I B I T I O N OF T H E R E S P I R A T O R Y CHAIN
Glucose utilization Lactate production mwnoles /mg protadn per rain The values represent the mean 4-s~-of five experiments. The incubation time was 10 min at 37 ° in an air atmosphere. To the control vessels and those with glucose alone, 10 #1 E t O H were added. Glucose was present at a concentration of 5 mM, ethacrynic acid 1 rn~ (added in 10 #1 EtOH), antimycinA (A.A.) 2.5/~g/vessel, rotenone 10-6 M. The preincubated samples were held at 37°C for 30 min before additions other than ethacrynic acid were made. Other conditions as in Table I. duration of preincubation and magnitude of the inhibitory activity of ethacrynic acid has also been observed with a membrane ATPase preparation (Duggan and Noll, 1965) . A reexamination of tumor cell glycolysis after a 30 min preincubation with varying concentrations of ethacrynic acid is shown in Table II . Under these conditions a sharp inhibitory effect is seen at 5 X 10 .4 M and maximum inhibition takes place at 7.5 X 10 .4 ethacrynic acid.
Since ethacrynic acid has previously been shown to inhibit respiration of Ehrlich ascites tumor cells (Gordon, 1968) , the effect of this agent on glycolysis in the absence of mitochondrial function was studied. As anticipated, a Pasteur effect is observed when respiration is inhibited by a combination of antimycin A and rotenone (Table III) . In the presence of these inhibitors of the mitochondrial respiratory chain, glucose utilization and lactate production are enhanced. Ethacrynic acid does not mimic the effects of antimycin A and rotenone; ethacrynic acid inhibits glycolysis as well as respiration.
T A B L E I V T h e values are the means 4-s~. of five experiments. All samples were preincubated for 30 rain at 37"C before the addition of glucose. Analogue I is (2,3-diehloro-4-(2-ethylidenebutyryl)phenoxy ) acetic acid and analogue II is (2,3-dichloro-4-(2-methylbutyryl) phenoxy) acetic acid; ethacrynic acid and analogues were present at a concentration of 10 -s M. Other conditions as in Table I . Further, ethacrynic acid, markedly inhibits glycolysis, even when the other respiratory inhibitors are present, especially when the cells are preincubated with the inhibitors before the addition of glucose. The specificity of the molecular structure of ethacrynic acid for observing inhibition of glycolysis is seen from the data of Table IV ; two analogues of ethacrynic acid are compared with ethacrynic acid on an Ehrlich ascites tumor cell suspension. Clearly, neither (2,3-dichloro-4-(2-ethylidenebutyryl) phenoxy) acetic acid (analogue I) nor (2,3-dichloro-4-(2-methylbutyryl) phenoxy) acetic acid (analogue II) inhibits glycolysis in a manner similar to ethacrynic acid. These findings are consistent with the structure-ATPase activity relationships described by Duggan and Noll (1965) ; neither of the ethacrynic acid analogues had an effect on membrane ATPase of guinea pig renal cortex.
EFFECT OF E T H A C R Y N I C ACID AND ANALOGUES ON GLYCOLYSIS OF E H R L I C H ASCITES T U M O R CELLS
The relationship between K + transport, glycolysis, and ethacrynic acid action was further studied with ouabain-blocked cells (Fig. 3) The values represent the means 4-ss of at least four experiments. After 30 rain of preincubation, glucose 5 rnu and K + 5 n~ were added and the incubation allowed to proceed for 10 min. The cells were depleted of K + in media containing either Li + or choline in place of Na + as previously described . Ethacrynic acid was added in 10 #1 of ethanol to appropriate vessels so that the final concentration was 10 -8 u; 10 #1 ethanol were added to vessels not containing ethacrynic acid.
. Addition of T A B L E V E F F E C T OF ETHACRY'NIC ACID ON GLYCOLYSIS OF E H R L I C H ASCITES T U M O R CELLS IN Na+-FREE M E D I
ethacrynic acid to K+-depleted cells in the presence (Fig. 3, curve A) or in the absence of ouabain (Fig. 1, curve A) inhibits the rate of lactic acid production. Addition of K + to such depleted cells results in little or no stimulation of glycolysis when K+ transport is inhibited with ouabain (Fig. 3, curve D) . Ethacrynic acid added I rain before glucose also causes a modest reduction in the rate of lactic acid production when K+-repleted cells are incubated in the presence of ouabain (curve C). The influence of cell membrane cation transport on glycolysis was examined in still another way. Ehrlich ascites tumor cells were depleted of K + in Na+-free media (Table V) . Under these conditions, the intracellular K+ is markedly reduced and is replaced with either choline or lithium. When the cells are depleted of K + in a lithium medium, addition of K + results in no change in lactate production and only a slight increase in glucose utilization. Addition of K + to cells depleted in a choline medium has no effect. In either case, ethacrynic acid completely blocks glycolysis.
Effect of Ethacrynic Acid on Glycolysis of Intact Red Blood Cells
In the absence of exogenous substrate, there is appreciable lactate production, presumably from 2,3-DPG and ethacrynic acid has no effect (Table VI) . When glucose is added to the incubation medium, lactate production is enhanced; the inhibiting effect of ethacrynic acid on glycolysis is now seen.
There is a marked inhibition of glucose utilization and a modest, but significant inhibition of lactate production from the added glucose. The rate of lactate production in the presence of glucose is higher than in its absence despite inhibition of glucose utilization by ethacrynic acid. The stoichiometry T h e values r e p r e s e n t the m e a n s 4-sE of at least four e x p e r i m e n t s . E t h a c r y n i c acid was p r e s e n t at a final c o n c e n t r a t i o n of 10 -8 M a n d was a d d e d in 20 #1 e t h a n o l ; an e q u i v a l e n t a m o u n t of e t h a n o l was a d d e d to control vessels. E a c h vessel c o n t a i n i n g 6 ml of a red blood cell suspension was i n c u b a t e d for 2 h r at 37 °C. suggests that the glucose which is utilized in the presence of ethacrynic acid is efficiently shunted around the inhibited site. These data provide presumptive evidence that ethacrynic acid inhibits glycolysis at a level proximal to the entrance of 2,3-DPG into the Embden-Meyerhof pathway.
Effect of Ethacrynic Acid on Glycolysis in the Cytosol of Ehrlich Ascites Tumor Cells
Although the data suggest that the inhibitory effect of ethacrynic acid on glycolysis is independent of any effect on membrane transport of ions, substantiation was sought by testing its effect in the membrane-free soluble portion of the cell. Lactate production in the absence of exogenous substrate is negligible. In confirmation of the results with intact cells, ethacrynic acid almost completely inhibits lactate production from fructose diphosphate (Table VII) . This inhibitory effect is noted only when the ethacrynic acid is added prior to the addition of substrate.
Effect of Ethacrynic Acid on Glycolysis in a Membrane-Free Red Blood Cell Hem@sate
Inhibition of glycolysis from FDP in ghost-free hemolysates is seen only when the hemolysate is preincubated with ethacrynic acid (Table VIII ). In contrast to the results with Ehrlich ascites tumor cells and cytosol, only a 50% inhibition of lactate production is observed. The data do not provide an The values represent the means 4-ss of five experiments and are given in millimicromoles of lactate produced per milligram of protein per minute. 1 ml of the 105,000 g supernatant containing approximately 10 mg protein was added to 2 ml of sonicating medium and incubated for 30 mill. ADP (1 m~) and FDP (10 re_M) were present in all vessels. The ethacrynic acid was added in 10/zl ethanol; the same amount of ethanol was added to control vessels. The preincubated samples were held at 37°C for 30 min prior to the addition of substrate.
T A B L E V I I I LACTATE F O R M A T I O N F R O M FDP BY M E M B R A N E -F R E E HEMOLYSATES Ethacrynic acid Ablent
Pretent
Not preincubated 13.14-0.6 13.94-1.3 Preincubated 12.5-4-0.6 7.24-1.0
The values represent the means 4-sE of four experiments and are given in millimieromoles of lactate produced per gram of Hb per hour. 2.7 ml lysate was added to 0.6 ml of medium containing 200 #moles MgSO4, and 35 #moles Tris buffer, pH 7.5. ADP and FDP were present at final concentrations of I m~ and 3 rn~, respectively; ethacrynic acid was dissolved in the medium to give a final concentration of 1 mM in appropriate vessels. The samples were incubated for 60 rain; the preincubated samples were held at 37°C for 60 rain prior to introduction of the substrate. The incubations were terminated by the addition of I rnl of 6% HC104. pH after incubation varied between 7.3 and 7.4.
4 " I 9 6 9 explanation for this difference but it is possible that a fraction of the substrate was converted to lactate via the 2,3-DPG shunt.
D I S C U S S I O N
The ATP required to drive the coupled transport of Na + and K + across the cell membrane can be generated through glycolysis in red blood cells (Gardos, 1954; Whittam, 1958; Hoffman, 1962) , in Ehrlich ascites tumor cells (Maizels et al., 1958 b) , and in other tissues (Whittam, 1964) . In tissues containing mitochondria, oxidative phosphorylation may also supply the ATP for monovalent cation transport across the cell membrane (Whittam, 1964) .
In the course of cell membrane transport of Na + and K +, ATP is hydrolyzed by the transport ATPase with the formation of ADP and Pi. Not only is the rate of monovalent cation transport linked to ATP generation, but also the rate of ATP synthesis is partially under the control of membrane cation transport. Initiation of coupled Na+-K + transport stimulates red blood cell glycolysis (Whittam and Ager, 1965; Parker and Hoffman, 1967) and inhibition with ouabain inhibits glycolysis (Murphy, 1963; Minakami, Kakinuma, and Yoshikawa, 1964; Whittam and Ager, 1965) . The same relationship holds for Ehrlich ascites tumor cells (Gordon and de Hartog, 1968) .
It is of interest that the marked effect of K + transport on glycolysis can only be demonstrated in this system when Na + is present in the incubation mixture. This suggests that only the coupled Na+-K + transport system is capable of influencing glycolysis to an appreciable degree. The rate of mitochondrial energy production also responds to the transport of monovalent cations across the cell membrane. Initiation of coupled Na+-K + transport in Ehrlich ascites tumor cells Levinson and Hempling, 1967) and in a variety of tissues (Whittam, 1964) enhances the rate of O~ uptake. Inhibition of this transport system with ouabain reduces 02 uptake (Whittam, 1964; Gordon, 1965; Levinson and Hempling, 1967) .
In all but a few studies dealing with the energy source for active Na + and K + transport across the cell membrane, ATP has been implicated. The hydrolysis of ATP and the formation of ADP and Pi provide the conditions for stimulation of energy generation through glycolysis and through the respiratory chain. Several investigators have postulated the existence of active cell membrane monovalent cation transport systems which do not require ATP as an energy source. Hempling (1966) proposed that some high-energy intermediate other than ATP could provide the energy for at least a fraction of cation transport in Ehrlich ascites tumor cells. This conclusion was based on the inhibition of ion fluxes by a variety of mitochondrial inhibitors in the presence of normal cell ATP content. Van Rossum (I 964) similarly concluded that Na + and K + transport across the liver cell membrane could be supported by an undefined high-energy intermediate. Hoffman and Kregenow (1966) have recently proposed from their studies of Na + and K + fluxes in K+-depleted (and presumably substrate-depleted) erythrocytes that one component of active monovalent cation transport by human red blood cells is not supported by ATP. A second cation p u m p was postulated on the basis of its insensitivity to a cardiac glycoside, its sensitivity to ethacrynic acid, and a requirement for Na + in the extracellular medium. These studies also led to the concept that this p u m p did not require ATP as an energy source.
In the course of studies on the interrelationship of cell membrane K + transport to glycolysis, examination of the system for the presence of a ouabainindependent p u m p led to several interesting findings. It became clear that ethacrynic acid interacts with the mitochondria of Ehrlich ascites tumor cells as well as with isolated mitochondria of liver and kidney (Gordon, 1968) . This effect of ethacrynic acid on mitochondria is complex, but the net result is to inhibit mitochondrial ATP generation. Since ethacrynic acid inhibits respiration, one would anticipate that glycolysis would be enhanced (Pasteur effect) if the sole site of interference with energy production were at the mitochondrial level. It is clear from the present experiments and those of Jones and Landon (1967) , that ethacrynic acid causes a profound inhibition of glycolysis. Furthermore this inhibition is independent of the operation of the mitochondrial respiratory chain (Table III) and can be observed in the absence of cell membrane K + transport as well as in its presence. Moreover, neither Na + nor K + transport was required for demonstration of an effect of ethacrynic acid on glycolysis (Table V) . Studies with intact human erythrocytes confirmed the inhibiting action of ethacrynic acid on glycolysis and are compatible with a site of inhibition proximal to the phosphoglyceromutase step. T h a t is, ethacrynic acid does not inhibit lactate formation from endogenous substrate (presumably 2,3-DPG), but does inhibit lactate formation from glucose (Table VI) .
Conclusive evidence that ethacrynic acid inhibits glycolysis, and could thereby limit ATP production in the complete absence of a transport system was provided by the data shown in Tables VII and VIII. In cell-free preparations of Ehrlich ascites tumor ceils or hemolysates of red blood cells, free of membranes, ethacrynic acid inhibited the conversion of FDP to lactate. The degree of inhibition in the red blood cell hemolysate was not as pronounced as that observed with tumor cell cytosol. It seems likely that appreciable shunting of substrate through the 2,3-diphosphoglycerate shunt takes place in the presence of ethacrynic acid. As a consequence, there would not be net generation of ATP despite lactate production. In red blood cells, the PKG enzyme is thought to be an important control site for glycolysis (Parker and Hoffman). The present data are consistent with an inhibitory effect of ethacrynic acid at this site. If this were so, we would not expect to find an inhibiting effect on lactate production by red blood ceils deficient in this enzyme (Valentine et al., 1969) ; the hypothesis has yet to be tested with cells taken from patients suffering from this deficiency.
T h a t ethacrynic acid could influence an ion p u m p w h i c h is d e p e n d e n t on some energy source other than A T P ( H o f f m a n and K r e g e n o w , 1966) or the N a + -K +, M g ++ transport A T P a s e ( D u g g a n a n d Noll, 1965) has n o t been ruled out b y the d a t a presented here. I n this regard, the d a t a of Smith, Czerwinski, a n d W e l t (1967) are of extreme interest in that these authors d e m o n s t r a t e d that two analogues of ethacrynic acid that are w i t h o u t effect on Ehrlich ascites t u m o r cell glycolysis (Table I V ) a n d e r y t h r o c y t e A T P a s e ( D u g g a n and Noll, 1965) inhibit N a + transport in red blood cells. T h e d a t a presented here clearly indicate that ethacrynic acid inhibits A T P generation from the m i t o c h o n d r i a l respiratory chain (Gordon, 1968) and from glycolysis. Therefore, a n y transport system which utilizes energy from these sources could be c o m p r o m i s e d in the presence of ethacrynic acid.
